Background-Contemporary
I
n numerous prior studies, the occurrence of spontaneous myocardial infarction (MI) (unrelated to revascularization procedures) has been consistently associated with subsequent mortality. [1] [2] [3] In contrast, although percutaneous coronary intervention (PCI) may result in procedural complications including MI and, rarely, death, in most contemporary studies such periprocedural MIs have not been associated with subsequent mortality. [2] [3] [4] [5] [6] The frequency of procedural MI varies depending on the population studied, the biomarker tested, and the threshold definition used, with frequency ranging up to 50%, 7 and its prognostic significance is controversial. 1, 3, 6, 8 In addition, there is controversy about the threshold of biomarker elevation after PCI that is prognostically significant. 
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The objective of the present study was to evaluate the association of PCI compared with optimal medical therapy (OMT) alone with various types of MI: spontaneous nonprocedural MI, procedural MI, and all MI, including procedural MI.
Methods

Eligibility Criteria
We conducted PubMed, EMBASE, and Cochrane Central Register of Controlled Trials (CENTRAL) searches for randomized clinical trials (RCTs) until October 2012 (week 2) using the following terms: coronary artery disease, ischemic heart disease, angina, percutaneous coronary intervention, percutaneous transluminal coronary angioplasty, or revascularization. The Medical Subject Headings terms are listed in Table I in the online-only Data Supplement. We checked the reference lists of review articles, metaanalyses, and original studies identified by the electronic searches to find other eligible trials. There was no language restriction for the search. For studies that did not report outcomes of interest, we contacted the authors via e-mail.
Eligible trials had to fulfill the following criteria: (1) RCTs comparing PCI versus OMT in patients with stable coronary artery disease and (2) RCTs reporting outcomes of MI. Trials that enrolled patients within a week of acute coronary syndromes were excluded. For the purpose of this analysis, PCI was defined as percutaneous transluminal coronary angioplasty with or without bare metal or drug-eluting stent placement. The PCI trials were divided into "no-stent" trials, in which <50% of patients in the PCI group received a stent, and "stent" trials, in which ≥50% patients received a stent. In addition, OMT was February 19, 2013 defined as a medical therapy consisting of at least an antiplatelet, antianginal, and lipid-lowering agent. Given the design of this analysis, trials in which revascularization could be achieved by either PCI or coronary artery bypass graft were excluded. However, in the Bypass Angioplasty Revascularization Investigation 2 Diabetes (BARI 2D) trial, patients were divided into either a PCI stratum or a coronary artery bypass graft stratum before randomization to revascularization or medical therapy. Only the PCI stratum was included in this analysis, and the medical therapy group from the coronary artery bypass graft stratum was also excluded because these subjects are likely a higher-risk medical therapy group (matched to the coronary artery bypass graft arm) than the medical therapy group in the PCI stratum.
Selection and Quality Assessment
Three authors (S.B., S.P., S.K.) independently assessed trial eligibility and trial bias risk and extracted data. Disagreements were resolved by consensus. The bias risk of trials was assessed with the use of the components recommended by the Cochrane Collaboration 10 : Sequence generation of allocation, allocation concealment, blinding of outcome assessors, incomplete outcome data, selective outcome reporting, and other sources of bias and trials with high or unclear risk for bias for any 1 of the first 3 components were considered trials with high bias risk. Dr Bangalore had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.
Data Extraction and Synthesis
Three different nonfatal MI outcomes were evaluated: (1) spontaneous nonprocedural MI; (2) procedural MI; and (3) all MI, including procedure-related MI. Other outcomes evaluated included all-cause mortality and cardiovascular mortality. The longest reported followup events were abstracted for each of the trials.
Statistical Analyses
Summary Method
The meta-analysis was performed in accordance with recommendations from the Cochrane Collaboration and the Preferred Reporting Items for Systematic Reviews and MetaAnalyses Statement 10, 11 with the use of standard software (Stata 9.0, Stata Corporation, College Station, TX). 12 The analysis used the incident rate of outcomes per 1000 personyears to obtain the log incident rate ratio (IRR) of one treatment relative to another treatment. Rates, rather than number of events, were considered the most appropriate outcome for this analysis because they incorporate the duration of the trials. Patient-years of follow-up were calculated by multiplying the sample size by the mean follow-up duration.
For the summary-based approach, IRR was calculated with the use of the random-effects model of DerSimonian and Laird. 13 All analyses were performed with a randomeffects model given likely clinical heterogeneity in study design between trials regardless of statistical heterogeneity. Heterogeneity was assessed with the I 2 statistic, 14 which is the proportion of total variation observed between the trials attributable to differences between trials rather than sampling error (chance), with I 2 <25% considered low and I 2 >75% considered high. Analyses were stratified by stent versus no-stent trials. We estimated the difference between the estimates of these subgroups according to tests for interaction.
15 P interaction <0.10 indicates that the effects of treatment differ between the tested subgroups. Bias was estimated visually by funnel plots and with the use of the Begg test and the weighted regression test of Egger.
16 P<0.05 was used to denote statistical significance.
Mixed-Effect Poisson Regression
A generalized linear mixed model framework with the Poisson likelihood and log-link function approach 17 was used to calculate effect sizes. Formulation of the model for incidence data requires the use of the logarithm of the total number of counts as the dependent variable in a Poisson regression, with the inclusion of the logarithm of the total person-time as an offset (a variable with coefficient constraint to be 1). The treatment is included as an explanatory variable, and random treatment effects are accommodated as random coefficients. To be completely analogous to the summary-based model, the Poisson regression approach requires the inclusion of fixed studyspecific intercepts (to preserve stratification). 17 This particular model directly uses the appropriate likelihood for count data and can be more accurate and powerful particularly when the normality assumptions do not hold for the estimated log IRRs or when there are few studies in the metaanalysis. Moreover, the same model can produce estimates for other relevant measures such as the incidence rate difference. 17 Poisson regression models were fitted in Stata with the use of the generalized linear latent and mixed models module.
Sensitivity Analyses
Sensitivity analysis was performed with the exclusion of trials that clearly included patients without ischemia (Atorvasttin Versus Revascularization Treatment [AVERT], FFR to Determine Appropriateness of Angioplasty in Moderate Coronary Stenoses [DEFER]) because it is not clear whether PCI would be beneficial in those subsets. All included studies fared similarly on the risk of bias assessment, and we therefore did not pursue a sensitivity analysis based on quality of trials.
Meta-Regression Analysis
Meta-regression analyses were performed to evaluate the relationship of covariates with all-cause mortality. The following covariates were tested independently to evaluate the relationship with IRR of all-cause mortality: (1) adequacy of PCI as measured by percent stent usage in the PCI arm; (2) adequacy of medical management as evaluated by achieved low-density lipoprotein levels in the OMT arm; and (3) effect of crossovers (defined as percentage of patients in the OMT arm who underwent revascularization). We used residual maximum likelihood to estimate the additive (between-study) component of variance tau 2 for the meta-regression analysis. Bootstrap analyses were performed with the use of a Monte Carlo permutation test for meta-regression with 10 000 random permutations.
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Results
Study Selection
We identified 12 RCTs that satisfied our inclusion criteria ( Figure 1) . [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] For the BARI 2D trial, we included the PCI stratum of the trial only. The trials enrolled a total of 8070 patients who were followed up for a mean of 5.0 years (range, 1.5-10.2 years) with 37 548 patient-years of follow-up.
Baseline Characteristics
The baseline characteristics of the included trials are summarized in Tables 1 and 2 . In the majority of trials, angioplasty without stenting was performed. The medical therapy varied among trials, but most patients were taking at least a daily low-dose aspirin and were on antianginal therapy with nitrates and β-blockers. For the most part, the medical therapies were used uniformly in both the PCI and medical therapy groups of each of the included trials, with the exception of the Angioplasty Compared to Medicine (ACME)-1 trial, in which all antianginal therapies were discontinued in the PCI group before study entry.
Myocardial Infarction
Spontaneous Nonprocedural MI PCI compared with OMT alone (event rate, 13.68 versus 17.30 per 1000 patient-years) was associated with a 24% reduction in the IRR of spontaneous nonprocedural MI on the basis of a random-effects Poisson regression model (IRR=0.76; 95% confidence interval [CI], 0.58-0.99) (Figure 2) . The results were similar when a summary-based random-effects model was used (IRR=0.77; 95% CI, 0.60-0.99) (Figure 2 ). There was moderate heterogeneity in the analysis (I 2 =31.6%) with no evidence of publication bias (Egger's P=0.49; Begg's P=0.75) ( Figure I in the online-only Data Supplement).The results were similar when no-stent and stent trials were analyzed separately (P interaction =0.53). (Figure 6 ). For cardiovascular mortality, the test for interaction was significant (P interaction =0.03) such that PCI was associated with a reduction in cardiovascular mortality in the no-stent trials but not in the stent trials ( Figure 6 ). The point estimate for PCI versus OMT for these outcomes paralleled that for spontaneous nonprocedural MI (but not procedural or all MI).
Sensitivity Analysis
Sensitivity analyses performed after trials without ischemia (AVERT and DEFER) were excluded showed results similar to those of the main analysis. Specifically, for spontaneous nonprocedural MI, the IRR was 0.79 (95% CI, 0.67-0.92), and that for all MI was 0.89 (95% CI, 0.68-1.17).
Meta-Regression Analysis
Meta-regression analysis for the outcome of all-cause death favored PCI for trials with lower usage of stents (P=0.23), higher achieved low-density lipoprotein levels in the OMT arm (P=0.49), and lower crossovers in the OMT arm (P=0.52), although none were statistically significant ( Figure  7) . Similarly, there was no significant relationship between 
Discussion
The results of the present analyses of ≈37 500 patient-years of follow-up showed a statistically significant 24% relative reduction (absolute reduction of 3.62 per 1000 patientyears) in the risk of spontaneous nonprocedural MI at the risk of a 317% relative increase (absolute increase of 3.59 per 1000 patient-years) in the risk of procedural MI with PCI compared with OMT alone, with no difference in the risk of all MI. The point estimate for PCI versus OMT for the outcome of all-cause mortality and cardiovascular mortality paralleled that of spontaneous nonprocedural MI (but not procedural or all MI), suggesting that spontaneous nonprocedural MI may be prognostically more important than procedural or all MI.
Prognostic Value of Procedural MI
The prognostic value of procedural MI has been a matter of great controversy, with renewed interest of late. This is even more important because procedural MI is frequently included in the component primary end point definition of clinical trials of PCI. The issue is relatively less of a problem when the 2 arms of the trial have similar frequencies of a procedural MI, such as comparisons of 2 stents. However, in trials in which procedural MI preferentially occurs with higher frequency in one arm, such as PCI versus OMT trials, the definition and prognostic significance of these biomarker elevations assume significance because the trial interpretation will change on the basis of the frequency of these events.
The new universal definition of procedural MI (type 4a) includes increases >5 times the 99th percentile of the upper reference limit of troponin (I or T) after PCI. 35 However, the universal definition committee recognized that there was no solid scientific basis for recommending this threshold, 35 and it is therefore controversial. The issue is exemplified by recent data suggesting different frequencies of procedural MI depending on whether creatine kinase MB (CK-MB) or troponin is used as the biomarker. In the Evaluation of Drug Eluting Stents and Ischemic Events (EVENT) registry of patients undergoing elective PCI, the rate of procedural MI was 7.2% when CK-MB was used but was almost 3 times higher when troponin was used (24.3%). 9 Other studies have similarly observed procedural MI rates as high as 48% when troponins were used 36 or when other definitions were used. 6 In addition to the frequency of occurrence of these events, the prognostic value of procedural MI itself has been questioned. Although a few studies have shown a positive association of biomarker elevation with mortality, 8,9,36-40 others have shown a higher biomarker threshold (especially with the universal definition recommended for troponin) for such prognostic significance. 9, 36 In the EVENT registry analysis, troponin levels >20 times the upper reference limit were equal to the prognostic importance of a 3-fold elevation in CK-MB. 9 Others have shown no association of biomarker (especially troponin) elevation with prognosis. 4, 5 In an analysis of 3687 patients from the Prospective, Randomized Trial Comparing an Everolimus-Eluting Stent and a PaclitaxelEluting Stent in Patients with Coronary Artery Disease (SPIRIT IV), there was no association between procedural MI and mortality up to 2 years, even at high levels of CK-MB or troponin elevation (>10 times the upper reference limit). 6 In a collaborative analysis from the Fragmin and Fast Revascularisation During Instability in Coronary Artery Disease (FRISC) II trial, Invasive Versus Conservative Treatment in Unstable Coronary Syndromes (ICTUS) trial, and Randomised Intervention Trial of Unstable Angina (RITA)-3 trial, spontaneous MI and not procedural MI was a significant predictor of cardiovascular death at 5 years. 3 Similarly, in an analysis from the Acute Catheterization and Urgent Intervention Triage Strategy (ACUITY) trial, spontaneous MI and not procedural MI was a powerful predictor of mortality at 1 year. 1 Finally, in the largest study thus far, with data from >23 604 patients from 11 studies, spontaneous MI and not procedural MI was a significant predictor of intermediate-and long-term mortality after multivariable adjustments. 2 In our analyses, the point estimate for hard outcomes of cardiovascular mortality and all-cause mortality paralleled that for spontaneous nonprocedural MI but not procedural or all MI, suggesting that spontaneous nonprocedural MI may be prognostically more important. However, this is an indirect inference.
PCI Versus OMT Trials
It has become increasingly clear that the prognostic impact of procedural MI is not the same as that of spontaneous MI, and combining both in the definition of any MI, especially in trials of PCI versus OMT, is problematic. As shown by the results of this analysis, PCI was associated with a significant decrease in the IRR of spontaneous MI, a significant increase in the risk of procedural MI, and no difference for the risk of any MI compared with OMT. The results are somewhat consistent with an analysis from the New York State Angioplasty Registry, in which PCI was associated with a significant decrease in death and death or MI compared with routine medical therapy alone. 41 Although selection bias, baseline confounders, and less than optimal medical therapy could have driven the results of the New York State Angioplasty Registry, the MIs assessed were largely spontaneous MIs because routine biomarker collection and reporting after PCI is not mandatory in New York State. It is therefore worthwhile to examine real-world clinical practice as it relates to procedural MI. In an analysis of 213 395 patients who underwent elective PCI at 463 hospitals with no reported evidence of myocardial necrosis before the PCI procedure, only 7% of patients had postprocedure CK-MB levels measured across all hospitals, suggesting that this is practiced rarely in routine clinical care. 42 If the results of the PCI versus OMT trials are true (with no difference in MI) and are to be seen in routine clinical practice, postprocedure marker measurement needs to be implemented universally. This only applies if procedural MI is determined to be prognostically important in future studies. Until that time, equating the prognostic significance of procedural MI with that of spontaneous MI in clinical trials is problematic and should not be done. Further studies are urgently needed to evaluate the prognostic importance of these different types of MI.
The recently published third universal definition of MI states that "MI associated with PCI is arbitrarily defined by elevation of cTn values >5 × 99th percentile upper reference limit in patients with normal baseline values or a rise of cTn values >20% if the baseline values are elevated and are stable or falling." 43 In addition to biomarker criteria, the revised universal definition also requires the presence of one other additional criterion (from among symptoms, ECG changes, angiographic complications, or imaging evidence of new loss of viable myocardium). This definition is an attempt to increase specificity and move away from biomarker-only criteria and appears to be a step in the right Figure 7 . A, Influence of percentage of stents used in the percutaneous coronary intervention (PCI) group on the incident rate ratio for the outcome of death. B, Influence of achieved lowdensity lipoprotein (LDL) cholesterol levels in the optimal medical therapy (MT) group on the incident rate ratio for the outcome of death. C, Influence of crossovers in the optimal MT group on the incident rate ratio for the outcome of death.
direction. However, as acknowledged by the committee, the definition is arbitrary, and more data are needed to evaluate the prognostic significance of this revised procedural MI definition.
Finally, the ongoing International Study of Comparative Health Effectiveness with Medical and Invasive Approaches (ISCHEMIA) trial will enroll 8000 patients and will have >90% power to detect a 15% to 17% reduction in cardiovascular death or MI in patients randomized to an invasive strategy of cardiac catheterization with revascularization compared with a conservative strategy of OMT alone and will provide more evidence in regard to the optimal management of patients with stable ischemic heart disease. 44 Given the large sample size of the trial, it will offer opportunities to test the long-term prognostic significance of various definitions of procedural MI.
Study Limitations
As in other meta-analyses, given the lack of data in each trial, we did not adjust our analyses for compliance with assigned treatment, stent type used, or dosage of the medications used. Although detailed sensitivity analyses on many variables were undertaken, given the heterogeneity in the study protocols, clinically relevant differences could have been missed and are best assessed in a meta-analysis of individual patient data. Although there was no major statistical heterogeneity in the analyses, there was clinical heterogeneity in the included studies, including trial design, patient population studied, aggressiveness of medical therapy, and PCI techniques, including usage of stents. The subgroup analyses might suffer from multiple testing. The results of the sensitivity analyses are best described as secondary and hypothesis generating only. Only 4 trials used stents, and the majority of stents implanted were bare metal stents. In addition, in the minority of patients in whom DES were used, newer-generation DES such as everolimus-eluting stents, which have been shown to have a lower stent thrombosis rate than even a bare metal stent, 45 were not used. Whereas the use of stents has been predominantly shown to reduce the incidence of restenosis over balloon angioplasty alone, restenosis is in itself not a benign phenomenon, with one third to one half of patients with restenosis presenting with acute coronary syndrome. 46, 47 We have recently shown that DES and especially newer-generation DES, such as everolimus-eluting stents, reduce the risk of MI compared with bare metal stents alone, attesting to the importance of reducing the risk of restenosis. 48 Of note, data from the Fractional Flow Reserve Guided PCI Versus Medical Therapy in Stable CAD (FAME) II trial 49 could not be included because the rates of spontaneous versus procedural MIs were not available, even after the authors were contacted.
Conclusions
In patients with stable ischemic heart disease, PCI compared with OMT alone was associated with significant reduction in the risk of spontaneous non-procedure-related MI at the risk of procedural MI with no difference in all MI. The present report shows that the point estimate for mortality parallels the prevention of spontaneous MI but not procedural MI, suggesting that spontaneous non-procedure-related MI is prognostically more important, consistent with recently published reports. Further trials are needed to determine whether these associations are causal. 
